INTRODUCTION {#S0001}
============

Human skeletal muscle architecture (e.g. muscle thickness, fascicle length and pennation angle), influences contractile force and velocity, and thus power output, during dynamic actions \[[@CIT0001]\]. A greater muscle thickness and a larger pennation angle generally increases force capacity whereas a longer fascicle increases maximal shortening velocity \[[@CIT0001]\]. Architectural properties of human skeletal muscle are usually determined by recording sonographic images of the muscle(s) of interest at rest and subsequently digitizing them using image analysis software \[[@CIT0002]\]. Using this approach, recent studies have demonstrated significant correlations between distinct aspects of lateral gastrocnemius (LG) muscle architecture and athletic performance \[[@CIT0003], [@CIT0004]\]. Medial gastrocnemius (MG) activation was, however, recently reported to be 4.0% and 10.5% greater than soleus and LG activation, respectively, across a range of dynamic and isometric tasks \[[@CIT0005]\]. The aforementioned results suggest that the MG contributes to athletic performance to a greater extent than the other triceps surae muscles and thus MG architectural properties may also demonstrate stronger relationships to performance tasks and elicit greater training adaptations in comparison to soleus and LG. Indeed, it was recently reported that MG muscle thickness and pennation angle were positively correlated to maximal power clean performance \[[@CIT0006]\].

As reported for other variables \[[@CIT0007]\], it is important that derived muscle architecture data is reliable and that the smallest detectable difference (SDD) values are known in order for scientists and practitioners to have confidence in studies reporting either correlations between muscle architectural properties and athletic performance and/or intervention-induced changes in skeletal muscle architecture. Of the triceps surae muscles, reliability of architectural properties attained for the MG has been most extensively reported within the scientific literature \[[@CIT0002]\]. More specifically, the reliability of MG muscle architectural properties taken at rest has been determined for elderly adults (68.1 ± 5.2 years) \[[@CIT0008]\], healthy children (6.6 ± 2.3 years) \[[@CIT0009]\] and children with cerebral palsy \[[@CIT0010]\], but these results may not be transferable to an athletic adult population. Four studies have established measures of reliability of MG muscle architecture at rest in healthy male adults \[[@CIT0011]--[@CIT0014]\] which may be more applicable to sports science and medicine research, although as rationalized below, a more comprehensive investigation into the reliability of MG architectural properties is warranted.

For example, two of the above studies reported coefficient of variation (CV) values for MG muscle thickness (2.9-4.8%), fascicle length fascicle length (4.3-5.9%) and pennation angle pennation angle (4.9-9.8%) but these results were established by recording ultrasound images of one participant\'s MG musculature on either 10 consecutive days \[[@CIT0013]\] or on seven separate occasions within one session \[[@CIT0014]\]. The two more recently published studies did assess multiple (8-10) healthy male adults, but one study assessed within-image reliability (intraclass correlation coefficient (ICC) and typical error (TE)) of fascicle length and pennation angle only \[[@CIT0011]\] and whilst the other study reported between-session ICC and CV values for muscle thickness, fascicle length and pennation angle \[[@CIT0012]\], SDD values were not reported. Furthermore, the two latter studies both extrapolated their fascicle length measurement due the insufficient scanning length (40-50 mm) of the ultrasound probes used \[[@CIT0011], [@CIT0012]\]. This technique, although widely adopted \[[@CIT0002]\], has been shown to result in a 3.3% underestimation of MG fascicle length (recorded at the mid-belly of the muscle) when compared to direct anatomical inspection \[[@CIT0014]\].

The purpose of this study, therefore, was to determine the within-image, between-image and between-session reliability and SDD values of MG architectural properties (muscle thickness, fascicle length and pennation angle) for athletic males attained from ultrasound images recoded at rest and with MG fascicle length in full view.

MATERIALS AND METHODS {#S0002}
=====================

Subjects {#S20003}
--------

16 resistance trained males (age 23.3 ± 2.8 years, height 1.77 ± 0.09 m and 79.4 ± 10.4 kg) volunteered to participate in this study and provided written informed consent. The study was approved by the institutional ethics committee and conformed to the principles of the World Medical Association\'s Declaration of Helsinki (1983).

Design {#S20004}
------

This study employed a repeated measures design whereby all participants attended an initial session to have ultrasound images of their MG musculature taken at rest and a subset of participants (*n* = 11) repeated the process \~48-72 later (at the same time of day).

Methodology {#S20005}
-----------

The MG muscle belly was imaged using a 7.5 MHz, 100 mm linear array, B-mode ultrasound probe (MyLab 70 XVision, Esaote, Genoa, Italy) with a depth resolution of 67 mm. Resting images of the MG were captured at the half-way point between medial femoral condyle and the distal muscle-tendon junction while participants lay in a pronated position with the feet neutral (i.e. with the sole of foot at 90° to the tibia) and the knees fully extended \[[@CIT0011], [@CIT0012]\]. Three images of the MG musculature for both legs were taken by the same experimenter on each testing occasion.

Muscle architectural properties were subsequently analysed using ImageJ software (Wayne Rasband National Institute of Health, Bethesda, MD, USA). Muscle thickness was measured as the vertical distance between the superficial aponeurosis and the deep aponeurosis \[[@CIT0012]\] taken at the centre of the image ([Figure 1](#F0001){ref-type="fig"}). Fascicle length was measured directly from the superficial to the deep aponeurosis ([Figure 1](#F0001){ref-type="fig"}) and pennation angle was measured as the angle between the deep aponeurosis and the line drawn tangentially to the fascicle \[[@CIT0011]\]. Three measurements of each muscle architectural parameter for the MG of both legs were made by the same experimenter.

![Example measurement of muscle thickness (dashed line), fascicle length (solid line) and pennation angle (α)](JBS-33-1200511-g001){#F0001}

Statistical Analysis {#S20006}
--------------------

Prior to statistical analysis, data was pooled accordingly to allow for within-image (*n* = 96), between-image (*n* = 32) and between-session reliability (*n* = 22) to be determined. Relative reliability of MG muscle architectural properties was then determined using a two-way random-effects model ICC. The ICC values were interpreted according to previous work \[[@CIT0015]\] where a value of ≥ 0.80 is considered highly reliable. Absolute reliability of the aforementioned parameters was assessed via CV and TE scores. The standard error of measurement (SEM) and SDD were calculated to establish random error scores between testing sessions. The SEM was calculated using [equation 1](#FD1){ref-type="disp-formula"}, where *SD* ~pooled~ represents the pooled standard deviation (SD) across the three testing sessions:$$SD_{pooled} \times \sqrt{1 - {ICC}}$$

The SDD was calculated using [equation 2](#FD2){ref-type="disp-formula"}, as in line with previous research \[[@CIT0007]\]:$$\left( {1.96 \times \sqrt{2}} \right) \times {SEM}$$

Repeated measures analysis of variance and a dependent t-test were conducted using SPSS software (version 20; SPSS Inc., Chicago, IL, USA) to assess mean differences among within- and between-session data, respectively. The alpha level was set at *p* ≤ 0.05.

RESULTS {#S0007}
=======

There were no significant differences (*P* \> 0.05) in any architectural parameter noted for within-image, between-image and between session data. Excellent within-image (ICCs = 0.99-1.00, *P* \< 0.001) and very good between-image (ICCs = 0.83-0.95, *P* \< 0.001) and between-session (ICCs = 0.89-0.95, *P* \< 0.001) reliability was found for muscle thickness, fascicle length and pennation angle ([Tables 1](#T0001){ref-type="table"}-[2](#T0002){ref-type="table"}). Between-session CV was low (≤ 3.6%) for each architectural parameter and SDD values of 10.6%, 11.4% and 9.8% were attained for muscle thickness, fascicle length and pennation angle, respectively ([Table 2](#T0002){ref-type="table"}).

###### 

Descriptive and reliability statistics for within-session data.

  -----------------------------------------------------------------------------------------------------------------------------
  Variable                               Within-Image Data (n = 96)                                               
  ----------------------- -------------- ----------------------------- -------------- ------------- ------------- -------------
  Muscle Thickness (cm)   2.34 ± 0.31    2.34 ± 0.31                   2.34 ± 0.31    1.00\         0.50\         0.10\
                                                                                      (1.00-1.00)   (0.42-0.58)   (0.09-0.11)

  Fascicle Length (cm)    5.49 ± 1.09    5.49 ± 1.09                   5.49 ± 1.10    1.00\         1.16\         0.14\
                                                                                      (0.99-1.00)   (1.04-1.28)   (0.12-0.15)

  Pennation Angle (deg)   25.94 ± 4.30   25.94 ± 4.30                  25.95 ± 4.36   0.99\         1.10\         0.15\
                                                                                      (0.99-1.00)   (0.99-1.21)   (0.14-0.17)

                                         Between-Image Data (n = 32)                                              

  Variable                Image 1        Image 2                       Image 3        ICC           %CV           TE

                          Mean ± SD      Mean ± SD                     Mean ± SD      (90% CI)      (90% CI)      (90% CI)

  Muscle Thickness (cm)   2.33 ± 0.31    2.36 ± 0.32                   2.33 ± 0.31    0.95          2.98          0.45

                                                                                      (0.92-0.97)   (2.51-3.45)   (0.38-0.54)

  Fascicle Length (cm)    5.47 ± 1.15    5.57 ± 1.08                   5.44 ± 1.08    0.89          6.09          0.69

                                                                                      (0.82-0.93)   (5.10-7.08)   (0.60-0.84)

  Pennation Angle (deg)   26.02 ± 4.28   25.66 ± 4.13                  26.15 ± 4.63   0.83          6.22          0.85

                                                                                      (0.73-0.90)   (5.05-7.39)   (0.74-1.03)
  -----------------------------------------------------------------------------------------------------------------------------

Note: SD = standard deviation, ICC = intraclass correlation coefficient, CV = coefficient of variation, TE = typical error, and CI = confidence intervals

###### 

Descriptive and reliability statistics for between-session data (n = 22).

  -------------------------------------------------------------------------------
                        Muscle Thickness\   Fascicle Length\   Pennation Angle\
                        (cm)                (cm)               (deg)
  --------------------- ------------------- ------------------ ------------------
  Session 1 Mean ± SD   2.42 ± 0.28         5.68 ± 1.04        25.88 ± 3.68

  Session 2 Mean ± SD   2.45 ± 0.28         5.52 ± 1.03        26.99 ± 3.34

  ICC                   0.89                0.95               0.93

  (90% CI)              (0.78-0.94)         (0.89-0.97)        (0.86-0.97)

  %CV                   3.30                3.52               3.64

  (90% CI)              (2.50-4.10)         (2.48-4.56)        (2.50-4.78)

  SEM                   0.09                0.23               0.93

  SDD                   0.26                0.64               2.58

  %SDD                  10.58               11.42              9.76
  -------------------------------------------------------------------------------

Note: SD = standard deviation, ICC = intraclass correlation coefficient, CV = coefficient of variation, CI =confidence intervals, SEM = standard error of measurement, SDD = smallest detectible difference

DISCUSSION {#S0008}
==========

This is the first study to determine the within-image, between-image and between-session reliability and SDD values of MG architectural properties (muscle thickness, fascicle length and pennation angle) attained from ultrasound images recoded at rest and with MG fascicle length in full view. The ICC data show that very good-excellent reliability (ICCs = 0.83-1.00) was attained for each aspect of MG architecture across all levels of image analysis ([Table 1](#T0001){ref-type="table"} and [Table 2](#T0002){ref-type="table"}). The corresponding CV data was also low (0.50-6.22%), which adds further confidence in the reliability of the reported measures ([Table 1](#T0001){ref-type="table"} and [Table 2](#T0002){ref-type="table"}).

The within-image ICC and TE attained for the fascicle length and pennation angle measurements reported in this study ([Table 1](#T0001){ref-type="table"}) are slightly better, but very similar, to the ICC value of 0.99 and TE values of 0.22 mm and 0.22° for fascicle length and pennation angle, respectively, reported in previous work \[[@CIT0011]\]. Similarly, the between-session ICC and CV values are slightly better, although comparable, to the values of 0.81-0.97 and 3.53-5.47%, respectively, stated in a previous study \[[@CIT0012]\]. The relative and absolute reliability data for the MG fascicle length in particular is better in the present study in comparison to values that have been reported previously \[[@CIT0011], [@CIT0012]\]. This may be attributable to the longer probe (100 mm) used in the current study which allowed for a complete measurement of MG fascicle length \[[@CIT0014]\]. To the authors' knowledge, no previous studies have reported between-image reliability values for the MG architectural properties of healthy adults and so comparisons at this level cannot be made. Nevertheless, the between-image reliability values reported here follow the similar trend of high reliability to those observed at the within-image and between-session level ([Table 1](#T0001){ref-type="table"} and [Table 2](#T0002){ref-type="table"}).

Overall, the results of the present study suggest that reliable measures of MG architecture at rest can be attained using a combination of ultrasonography and image analysis. Although a recent study \[[@CIT0016]\] found inter-rater reliability of MG architecture to be good-excellent (ICC = 0.77-0.90), it is recommended that a single rater both captures and analyzes MG ultrasound images due to the higher ICCs reported in the present study. Also, where possible, it is recommended that sonographic images of pennate skeletal muscle is recorded using a probe of sufficient proportions to allow for the capture of the entire fascicle length, given the previously reported underestimation \[[@CIT0014]\] and greater within-image \[[@CIT0011]\] and between-session \[[@CIT0012]\] variability reported when using the linear extrapolation method. Further research into the effects of probe length and both intra- and inter-rater variability on architectural measurements of other commonly assessed muscles is also warranted.

CONCLUSIONS {#S0009}
===========

Capturing and then manually digitizing ultrasound images of the MG muscle at rest yields highly reliable measurements of its architectural properties when conducted by a single rater and with a probe of sufficient length to image the entire fascicle. Furthermore, it is suggested that scientists and practitioners should only consider changes in MG muscle thickness, fascicle length and pennation angle of at least 10.6%, 11.4% and 9.8%, respectively, as meaningful when examining the effects of any form on intervention on these parameters. This will help to ascertain whether or not reported changes in MG architectural properties are meaningful or simply a product of the inherent error associated with these measurements.
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